Porous carbon xerogels can be obtained by convective drying of resorcinol (R)-formaldehyde (F) hydrogels, followed by pyrolysis. Drying conditions have to be carefully controlled when crack-free monoliths with well-defined shape and size are required. The knowledge of the mechanical properties of the RF xerogels and their evolution with water content is essential to model their thermo-hygro-mechanical behaviour during convective drying and avoid mechanical stresses leading to deformation and cracking of the sample. The shrinkage behaviour and the mechanical properties of RF xerogels obtained with R/C ratio ranging from 300 to 1500 were investigated. R/C greatly influences the shrinkage and mechanical properties of the wet gel, on the one hand, and the mechanical and textural properties of the dried gel, on the other hand. The smaller the R/C, the higher the shrinkage, the stiffening, and the viscoelastic character of the xerogels. Water content has an influence on both the stiffness of the gels and the viscoelastic response. Generally, samples lose their mechanical viscous character and become more rigid when they are dried. Finally, mercury porosimetry measurements showed that the gels exhibit a marked lowering of 2 their stiffness upon compression, interpreted as a result of the heterogeneity of the microstructure.
Introduction
Production of carbon aerogels by CO 2 supercritical drying of resorcinol (R)-formaldehyde (F) hydrogels followed by pyrolysis in inert atmosphere has been extensively studied, since their introduction by Pekala [1] and [2] . RF hydrogels are usually synthesized using water as solvent and Na 2 CO 3 (C) as pH regulator. The final texture of the material can be controlled by adjusting the R/C molar ratio. Supercritical conditions are used to preserve the pore texture, by avoiding surface tensions and shrinkage due to the appearance of liquid-vapour interfaces. With their large mesopore volumes (> 0.89 cm³/g) and high specific surface areas (500-1200 m²/g), potential applications of carbon aerogels are numerous: adsorbents for gas separation [3] and [4] , catalysts supports [5] , [6] and [7, 7] , electrode material for double layer capacitors [8] , [9] and [10] , energy storage device [11] , column packing materials for chromatography,…
As supercritical drying remains difficult to apply at an industrial scale regarding its expensive and potentially dangerous character, other softer drying techniques have been tested in order to produce an aerogel-like mesoporous texture: freeze-drying [12] , vacuum drying [13] , microwave drying [14] , solvent exchange followed by freeze drying [15] or drying under nitrogen in tube furnace [16] . Some of us have shown recently that it is possible to produce porous resorcinol-formaldehyde xerogels by using atmospheric convective drying to remove the solvent, without any preliminary treatment [17] . Indeed, when synthesis conditions are adequate, the mechanical strength of the gel network is high enough to withstand capillary pressures, avoiding the collapse of the structure [18] .
Monolithicity is one of the crucial properties of RF xerogels needed for many applications like electrodes or supercapacitors [10] , [11] , [19] , [20] and [21] . For those applications a fixed shape and size of xerogels is required. In some cases, a sufficient mechanical strength is also required. To avoid cracking during the drying step [22] , the knowledge of the evolution of the mechanical properties after curing is essential.
Indeed, the simulation of the convective drying process by a coupled thermo-hygromechanical model requires the input of the mechanical properties and their evolution with water content [23] and [24] .
After curing, resorcinol-formaldehyde materials cannot longer be qualified as gels as they are very stiff even if a lot of water is still present in the network (about 65% of the weight). In fact, these materials, that we will call xerogels, are viscoelastic materials that exhibit linear elastic behaviour under small strains and undergo densification and plastic hardening under high strains.
Beam-bending and shear velocity measurements were used to characterise either the wet gels, before [25] or after the curing step [26] , or the aerogels obtained after supercritical drying [26] . All these measurements were performed on gels obtained with R/C ratio ranging between 50 and 200. Relaxation appeared to be mainly controlled by hydrodynamic phenomena, i.e. flow of water. The contribution of the network remains low, except at low R/C ratio. Sound propagation experiments showed a decrease of RF aerogel stiffness when the samples are uniaxially compressed [27] . Recently, the same behaviour was found when RF samples are submitted to mercury porosimetry [28] .
Gross et al. [26] showed that the elastic modulus is a power low function of density, over a limited range. They also found that the shear modulus increases by a factor up to 5 during supercritical drying. The same type of conclusions was obtained by Bock et al [29] .
Mercury porosimetry, which is usually used to determine the pore size distribution [30] and [31] , is affected by a peculiar behaviour in the case of RF samples [13] , [17] and [28] . For this material, the pore size distribution cannot be obtained in a straightforward manner due to the collapse of the sample under mercury pressure [32] . Nevertheless the data allow to determine the compression modulus of the network according to Scherer's methodology [33] . This parameter has been shown to be related to the microstructure [28] .
In this work, the evolution of mechanical properties of RF xerogels (elastic modulus, relaxation behaviour) with the residual water content is studied through uniaxial compression-relaxation tests performed in a standard traction-compression machine.
Different levels of water contents are reached by drying the samples in ambient air, without any forced circulation. Stress relaxation data are interpreted using the Maxwell model or a generalised Maxwell model, as commonly applied for various materials [34] , [35] , [36] , [37] , [38] and [39] .
Analysis of mercury porosimetry curves are performed in term of bulk modulus, in order to obtain information about the plastic hardening behaviour of these xerogels. The
Poisson ratio at the dried state is determined by combining the results obtained by mercury porosimetry and uniaxial compression.
Finally N 2 adsorption-desorption measurements are used to link the obtained mechanical behaviour to the final texture of the xerogels. The influence of R/C ratio is investigated in a range between 300 and 1500, which is somewhat higher than value commonly reported in the literature.
Experimental

Sample preparation
Hydrogels were obtained by polycondensation of resorcinol (1,3-dihydroxybenzene) and formaldehyde in the presence of a Na 2 CO 3 , usually called catalyst (C). However, sodium carbonate does not really act as a catalyst but essentially modify the ratio OH -/H + . As these two species have an influence on the two steps constituting the polymerization mechanism [13] , varying the R/C ratio modifies the final texture of the material [40] .
For the preparation of hydrogels, 17.34 g of resorcinol (Vel, 99%) were first dissolved in 32.9 ml of deionised water under magnetic stirring, with the addition of Na 2 CO 3 to achieve several R/C ratios (300, 600, 750, 900, 1200, 1500). After dissolution, 23.63 ml of formaldehyde solution (Aldrich, 37% wt. in water, stabilized by 10-15% wt.
methanol) was added. The resorcinol/formaldehyde molar ratio R/F was fixed at 0.5 (stoichiometric ratio). Cylindrical samples were obtained by casting 5 ml solution into glass moulds (∅ = 22 mm) and putting them for curing under saturated atmosphere in an oven at 90°C during 24 h. Forced convection in the oven allowed high level of heat transfer during gelation. After gelation, the initial water content was determined according to standard methods [41] . For all the samples, the initial water content expressed on a dry basis, W, was close to 2 kg/kg. 
For uniaxial compression tests, the relaxation function R(t) is the temporal evolution of the stress divided by the maximal strain obtained at the end of the compression stage.
Moreover, the instantaneous modulus, which can be considered as the Young modulus determined during the compression test, is equal to the sum of all the elasticity modulus (Eq 3). Indeed, if a Dirac-type strain is applied, the generalized Maxwell model comes to a purely elastic model.
The ratio R i /E reflects the importance of a Maxwell element in the mechanical behaviour of the material. When this ratio becomes less than 1%, the Maxwell element is not considered.
Mercury porosimetry and pycnometry
Mercury porosimetry measurements were made using a porosimeter Carlo Erba 2000 (CE Instruments, formerly Carlo Erba, UK). They were performed between 0.01 and 200 MPa, giving access to the volume of pores larger than 7.5 nm.
The apparent densities ρ s of the samples were derived from mercury pycnometry. The geometrical volume of the sample is determined from the weight difference between a flask (calibrated volume) filled up with mercury and the same flask filled up with the sample and mercury. As mercury is a non-wetting liquid and as no pressure is exerted, mercury does not enter in the porosity of the sample or crush it. The intrinsic density of the dried xerogel, 
Nitrogen adsorption desorption
Nitrogen adsorption isotherms measurements have been performed at 77 K on a "Micrometrics ASAP 2010M" (Micrometrics Inst. Co., USA) and on a "Fisons Sorptomatic 1990" (Fisons Instruments, UK). Each isotherm point is acquired when the pressure variation, within a fixed time, is lower than a fixed pressure deviation.
Results
Shrinkage behaviour
Size measurements were performed in order to determine the natural shrinkage of samples, i.e., when they are slowly dried at ambient temperature, without any air circulation. The resulting shrinkage curves, i.e. the sample volume divided by its initial value vs. the water content expressed on dry basis, obtained for the different R/C ratios are presented in Fig. 1 . These curves show that the extent of shrinkage increases with decreasing R/C. There is almost no shrinkage for R/C = 1500, while a final volume reduction of about 55% is achieved for R/C = 300. All the curves (except R/C = 1500) follow the same 'master curve' during the zone of ideal shrinkage (linear part), and finish by a plateau when shrinkage has stopped. The solid lines were drawn as guides to the eyes.
Mechanical properties
Typical compression curves obtained on samples prepared with R/C= 1500 and R/C = 300, i.e. extreme synthesis conditions, are presented in Fig. 2 . For each sample, two curves are shown: one obtained just after removal from the mould, i.e. when the sample still contains a large quantity of water (~1.80 kg/kg), and a second at a lower water content (~0.65 kg/kg). Each trial presents a first curved phase corresponding to parallelism rectification and pre-consolidation of the sample followed by a linear part, corresponding to the elastic behaviour. Considering the slopes of the linear part, almost no evolution can be detected when R/C = 1500, while the rigidity of samples prepared with R/C = 300 increases with decreasing water content. This is confirmed by the evolution of Young modulus (E) vs. the water content for the different R/C ratios ( Fig. 3 and Table 1 ). The Young modulus is almost independent of the water content for R/C = maximum value above which it remains constant till complete dryness. The final rigidity of the dried sample increases with decreasing R/C. Relaxation experiments were performed in order to determine the viscoelastic behaviour of samples. Relaxation curves are illustrated in Fig. 4 for two synthesis conditions and two water contents. For R/C = 1500, the relaxation curves are nearly constant, which means samples are almost purely elastic. On the contrary, for R/C = 300, a relaxation phenomenon is clearly observed. It is characterized by a large decrease of R(t) with time. The effect of the residual water content is well marked for R/C = 1500: the viscous behaviour vanishes with increasing siccities. The relaxation functions obtained for the 6 different R/C ratios were modelled using the generalized Maxwell model (Eq. 2). According to our criteria, i.e. R i /E ≥ 1%, Maxwell elements are sufficient to describe the viscoelastic behaviour the xerogels. Table 1 shows the parameters obtained by fitting, using a non-linear least squares method. Fig. 5 . Actually, the shape of these curves does not correspond to what is usually obtained with porous materials undergoing solely mercury intrusion. In the case of xerogels, an irreversible compression is observed in all the samples. On the curves, the compression region can be identified by a progressive increase of the mercury volume penetrating into the measurement cell. Intrusion seems only to arise for samples obtained with R/C = 1200
and R/C = 1500, as indicated by a sudden slope change at the end of the curves. The large hysteresis can be attributed to the fact that, when depressurization of the cell is realised, almost no mercury comes out of the sample, confirming its irreversible compression [42] . This peculiar behaviour of RF xerogels has been reported recently [32] . This hinders a straightforward textural interpretation of the mercury porosimetry curves. However these curves allow determining the total pore volume of samples, whose value can be related to the synthesis conditions. The specific pore volume measured (V Hg , cm³/g) remains equal to the pore volume corresponding to pores larger than 7.5 nm. These results clearly show an evolution in the pore structure of the dried gels with R/C. The pore volume increases with R/C, suggesting that larger pore sizes are present ( Table 2) .
Because of this non usual behaviour during mercury porosimetry, it is possible to get information complementary to compressive uniaxial loading tests from the mechanical response of the dry material under the isostatic pressure. Since no mercury intrusion occurs, the compression modulus (K) can be related to the volume density (φ) according to Eq. 4., following to Scherer's methodology [33] . The volume density φ at the pressure of mercury P, defined as the ratio between the volume of the skeleton and the total volume of the sample, can be expressed by Eq. 5.
0 s ρ and s s ρ are the apparent density of the dried, uncompressed sample and the intrinsic density of the resin, measured by mercury and helium pycnometry, respectively (see Table 3 ). One symbol was added as label on each data set Combination of the results obtained from the mechanical compression tests, on the dried samples, and the mercury porosimetry measurements allows obtaining the Poisson ratio, ν, according to Eq. 6 [33] . Last column of Table 2 shows the values of the Poisson ratio corresponding to the dried state of the samples, i.e. taking into account the value of K and E obtained at the beginning of the mercury porosimetry measurements and at the end of the axial compression tests, respectively. The Poisson ratio ranges from 0.48 at low R/C to 0.42 at high R/C.
Nitrogen adsorption-desorption
Nitrogen adsorption-desorption measurements carried out on dried gels are presented in Table 2 shows that the specific surface area S BET decreases with increasing R/C, and reaches a plateau for R/C = 1200 and R/C = 1500. Table 2 also indicates that the total porosity (ε), obtained from both apparent (ρ s ) and intrinsic ( 
Discussion
In the case of ideal shrinkage, i.e. when the reduction of volume exactly corresponds to the volume of removed water, Eq. 7 can be applied to relate the volume (V) to the water content expresses on a dry basis (W). W 0 and w w ρ are the initial water content of the wet RF hydrogel, expressed on a dry basis, and the intrinsic density of water, i.e. 1000 kg/m³, respectively.
The linear part of shrinkage curves observed on Fig. 1 , and called 'master curve', indicates a zone of ideal shrinkage, whose extent differs according to the R/C ratio.
During this period, no porosity is created. The theoretical value of the slope can be estimated from Eq. 7. One can found a value of 0.375, which is in agreement with the experimental one, 0.37 (see Fig. 1 ). The slope is the same for all the samples because they were prepared with the same dilution ratio, assuming the conversion degree of the polycondensation reaction was the same.
Concerning the elastic behaviour of the gels, their stiffening with decreasing water content can be directly related to the extent of shrinkage. Indeed, the increase of Young modulus is observed as long as xerogels undergo shrinkage. Once the shrinkage has stopped, no more stiffening of the network is observed. This indicates a clear relation between densification of the sample and elastic properties, as already reported by Woignier et al. [44] for silica aerogels. The Poisson ratios determined for the dried xerogels are of same order of magnitude as other polymers obtained by a condensation reaction, e.g. polyimides, polycarbonates, … Regarding the viscoelastic behaviour of the gels, two Maxwell modules are required to fit the generalized Maxwell model (Eq. 2) on the relaxation curves. The associated relaxation times are close to 100 and 1000 s (see Table 1 ). One can notice that the main relaxation time is in the surroundings of 1000 s. It is rather difficult to assess whether this relaxation time corresponds to hydrodynamic or to network relaxation. Over the whole test series, the component R 0 represents the main contribution (more than 50%) to the relaxation function (see Table 1 ), which means elasticity prevails. Nevertheless, the extent of the elastic contribution depends on both the R/C ratio and the residual water content. For high moisture contents, the ratio R 0 /E decreases with decreasing R/C, indicating more pronounced viscoelastic behaviour at low R/C. As already observed on Shrinkage is favoured by high capillary forces, i.e. small pore sizes, and high mobility of the solid matrix. The mobility of the solid matrix is closely related to its physical state: high mobility corresponds to viscoelastic behaviour while low mobility corresponds to elastic behaviour [45] . The analysis of relaxation tests using the generalized Maxwell model showed that RF xerogels evolves from an almost purely elastic to pronounced viscoelastic behaviour as R/C decreases. Moreover, it is well admitted that the mean pore size inside the wet network decreases with decreasing R/C, resulting in polymeric RF gels at low R/C and colloidal gels at high R/C [40] . The combined effect of R/C on the mechanical behaviour and on the mean pore size of the humid network explains that higher volume reductions, and smaller pore sizes in the dried state, are obtained for decreasing R/C. Consequently, the specific area obtained for the dried xerogels increases with decreasing R/C, as indicated by nitrogen adsorptiondesorption results.
Finally, mercury porosimetry curves showed a peculiar behaviour in which stiffness first decreases with increasing pressure. This behaviour was firstly put in evidence by Gross et al [27] using the velocity of sound propagation on SiO 2 and RF aerogels for R/C=200. More recently, Gommes et al [28] reported similar results using mercury porosimetry measurements on RF xerogels with 5.8<pH<7.3, which correspond roughly to 50<R/C<1200 using mercury porosimetry measurements. They interpreted this behaviour as caused by the heterogeneity of the xerogel porous structure. When pressure is applied, the resulting load is shared among a small number of structures and the collapse is prevented by the surrounding smaller pores, in such a way that the reduction of volume is negligible. As a result, the macroscopic stiffness, K, decreases under the increasing pressure. After the minimum, the material undergoes a classical densification process. However, for samples obtained with R/C = 1200 and 1500, it seems that intrusion occurs at high pressure. That means that the stiffness of the network is sufficient to prevent any further collapse, and that there remain some mesopores. It is difficult to assess if these mesopores were initially present or if they result from the bulking of the structure, and the reduction in size of macropores.
Conclusions
In this paper, the shrinkage behaviour and the mechanical properties of RF xerogels obtained with R/C ratio ranging from 300 to 1500 have been investigated. All the results clearly showed the influence of the R/C ratio on the shrinkage and mechanical properties of the wet gel, on the one hand, and on the mechanical and textural properties of the dried gel, on the other hand. Water content has an influence both on the stiffness of the gels and on the viscoelastic response. These results will be used in order to model the convective drying of RF xerogels, using a coupled hygro-thermo-mechanical model.
The aim of this further work is to determine and minimize stress field and its evolution during drying, in order to avoid cracking of the samples.
Maxwell interpretation globalizes several mechanisms which are put in series but does not allow determining if the viscoelastic response corresponds mainly to the contribution of the solid skeleton, or of the liquid filling pores. Further work will be carried out using a model which will allow discrimination between the contribution of the liquid and the solid components to the viscoelasticity. One symbol was added as label on each data set. Fig. 7 . Nitrogen adsorption-desorption isotherms. The solid lines follow the experimental points. Two symbols were added as labels on each data set. Table 1: Young modulus and fitting parameters of the generalized Maxwell model 
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